We carried out a systematic study on the effects of elevating [K]O on the properties of a transient outward potassium channel encoded by a cardiac cDNA (RHKI) and compared them with those on two Shaker potassium channels (H-4 and H-37). The amino acid sequences of all three channels are known, and their structure-function relations have been partially characterized. All three channels were expressed in Xenopus oocytes and studied under double-microelectrode voltage-clamp conditions. For all three channels, elevating [K]o caused an increase in the channels' chord conductances and a negative shift in the calculated activation curves. However, in other aspects of channel properties that are related to the channels' inactivation processes, there were differences in the changes induced by increasing [K] 
C hanging [K] . can alter currents through potassium channels by varying the reversal potentials and open-channel current-voltage (I-V) relations.1-3 Moreover, elevating [K] . has been shown to cause an increase in the conductances of potassium channels,4-12 a shift in the voltage dependences of potassium channel gating,4613 and alterations in the kinetics of potassium channel deactivation,24 inactivation,14 or recovery from inactivation.15 These actions of K0 ions on K channels have been explained by hypothetical interactions between potassium ions and channel-gating apparatus or between potassium ions and channel-blocking ions.2'4-16 For example, it has been postulated that increasing [K] . can delay channel clos-channels are available. 17, 19 All three channels have six putative transmembrane domains (termed S1-S6), with both N-and C-termini in the cytoplasm.17"19 S4 is believed to be the voltage sensor of voltage-gated ion channels.20 H-4 and H-37 are identical in the S4 domain, having seven positively charged residues. 19 There is only one uncharged residue in the S4 domain of RHK1 (isoleucine 446) that is different from that in H-4 or H-37 (valine) . 17 The segment between S5 and S6 (H-5 linker) is believed to form the channel pore-lining region.21 This region is highly conserved among the three. The sequence is identical between H-4 and H- 37.19 There is only one amino acid in RHK1 (lysine 532) that is different from that in H-4 or H-37 (threonine). This residue is located at the outer mouth of the pore.172' The molecular mechanism of inactivation, on the other hand, is different in these three channels. For H-4, it has been well established that the inactivation is mainly mediated by the cytoplasmic N-terminal structure of the channel22 via a "ball-and-chain" model23 (N-type inactivation).24 Although RHK1 is longer than H-4 in the N-terminal region by 80 amino acids, the inactivation of RHK1 is probably mediated by a mechanism similar to that in H-4 (see "Results"). In both channels, the N-termini contain a hydrophobic region followed by a cluster of positively charged residues that are important for the inactivation process. On the other hand, the N-terminus of H-37 does not contain a structural pattern resembling that of RHK1 or H- 4.19 Therefore, N-type inactivation probably is weak or negligible in H-37. 25 Recently, another type of inactivation mechanism, the C-type inactivation, has been described for a Shaker K channel (Sh A).24 For this type of inactivation, the sequence close to the C-terminus is important. This mode of inactivation does not seem to involve a cytoplasmic domain. Instead, a residue in the S6 transmembrane domain close to the extracellular surface has been shown to play a crucial role in the C-type inactivation.24 A valine in this position (as in Sh A) makes the C-type inactivation develop faster and the recovery from it slower than if an alanine occupies this position. 24 11-37 and Sh A share the same sequence in the transmembrane domains and the C-terminal region. 19 Therefore, inactivation in H-37 may be mediated mainly by the C-type mechanism. H-4 and RHK1 both have alanines in the S6 position.17 '19 Consequently, C-type inactivation may not be important for these two channels. The goal of the present study was to compare the effects of elevating [K] O on these three K channels and, based on this comparison and our knowledge of the structure-function relations of these channels, to infer the mechanism of action of KO ions.
In the heart, the transient outward potassium current plays several roles in influencing the cardiac electrical activity. 26 First, in many regions of the heart, this current is important for phase 1 repolarization of the action potential.2627 Second, by setting the voltage of early plateau phase, this current may influence action potential duration26,28 and thus cardiac contractility29 by affecting the activation and inactivation of other plateau currents. Under abnormal conditions when the cell membrane is partially depolarized, the magnitude and time course of the transient outward current may affect the rate of impulse initiation30 or conduction. 31 Therefore, it is important to understand the modulation of the cardiac transient outward potassium channel by pathological conditions, such as K0 accumulation.32 RHK1 is almost identical in sequence to a potassium channel cDNA isolated from a human heart library.33 There- fore, studies on RHK1 may bear relevance to an understanding of the physiology and pathology of the human heart. Our observations of the effects of elevating [K]0 on the properties of RHK1 suggest that under abnormal conditions when there is K0 accumulation, the cardiac transient outward current may play an important role in determining the cardiac electrical activity due to the acceleration of recovery of this current from inactivation. This, in conjunction with a diminished sodium current, may further impair impulse conduction, which may be antiarrhythmic or arrhythmogenic, depending on the balance of the conditions.
Materials and Methods

Potassium Channel cDNA In Vitro Transcription and Oocyte Expression
The cDNA sequences of RHK1, 17 11-4 , and H-3719 in pBluescript vector (Stratagene Inc., La Jolla, Calif.) were used to prepare DNA templates for in vitro cRNA synthesis. The plasmid vector contains polyclonal sites surrounded at two ends by T7 and T3 RNA polymerase promoters and initiation sites. For each of the cDNAs, the T7 promoter precedes the 5' end; therefore, T7 RNA polymerase (Pharmacia) was used to generate the full-length cRNA. Supercoil plasmid DNA was digested with Hindlll (a restriction enzyme site in the polyclonal region 3' downstream from the cDNA insert) and further treated with 200 ,ug/ml proteinase K (Boehringer Mannheim Corp., Indianapolis, Ind.) for over 3 hours at 370C to remove any RNase contamination. The DNA was then extracted with phenol/chloroform and precipitated with 0.3 M sodium acetate and ethanol. The transcription reaction was carried out in a mixture of the following composition: 40 mM Tris HCl (pH 7.5), 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl, 10 In Vitro Mutagenesis Site-directed in vitro mutagenesis was carried out after a modified procedure of Kunkel.35 RHK1 cDNA cloned into pBluescript M13+ phagemid vector (Stratagene) was transformed into BW313 host E. coli cell line (dut-ung-) and used for the preparation of uridine-incorporated single-stranded template DNA.36 Oligonucleotide designed with RHK1A3-25 mutation was synthesized with a DNA synthesizer (model 380B, Applied Biosystems, Inc., Foster City, Calif.) and purified with high-performance liquid chromatography (series II 1090 liquid chromatograph, Hewlett-Packard Co., Palo Alto, Calif.). The oligonucleotide sequence, 5'CCCCAAACTACCACCATG-GAGAGGGCTCGAGAGAGG3', harbored a deletion mutation that removed amino acid residues 3-25 from the N-terminus of RHK1. The circular single-stranded template DNA (0.1 pmol) and kinased oligonucleotide (2 pmol) were mixed in 10 mM Tris-HCl (pH 7.9), 10 mM MgCl2, and 50 mM NaCl, denatured by heating to 95°C, and then reannealed with a slow equilibration back to the room temperature. The reaction mixture was adjusted to 400 ,uM each of dATP, dGTP, dCTP, and dTTP, 25 mM Tris-HCl (pH 7.9), 15 mM MgCl2, 25 mM NaCl, 10 mM dithiothreitol, and 0.25 mM ATP, in a total volume of 20 ,ul. DNA synthesis reaction was started by adding 3 units T4 DNA polymerase and 2 units T4 DNA ligase. The tube was kept on ice for 5 minutes, then at room temperature for 10 minutes, and finally incubated in 37°C overnight. An aliquot of the reaction mixture was used to transform the dut+ ung+ DH5a host strain. Miniplasmid DNAs were prepared from six transformed colonies. The mutation site and surrounding sequences were checked with a restriction band shift and double-stranded DNA sequencing. Four of the six transformants contained the correct deletion, and among the four, two independent mutants were used for cRNA synthesis. The results were the same from these two cRNAs, thus minimizing the likelihood of interference from random mutations derived from errors by T4 DNA polymerase.
Electrophysiological Experiments
The oocytes were placed in a tissue chamber and superfused at room temperature (21-23°C) , and H-37 (bottom panel). The steady-state inactivation curve was constructed using data obtained from a double-pulse protocol: From a holding voltage of -80 mV (RHKJ and H-4) or -100 mV (H-37), a conditioning step to different voltages (V,) was applied for 2 seconds, which was followed by a test pulse to +20 mVfor 500 msec (RHK1 and H-37) or 100 msec (H-4). These double pulses were applied at an interval of 15 seconds (RHKJ and H-37) or 5 seconds (H-4). The current tracing during each of the test pulses was leak-subtracted using a current tracing induced by a test pulse that followed a V, that had totally inactivated the channel. Thepeak current amplitude was then measured as the difference between the outward peak and current level at the end of the test pulse (I,). The peak current amplitude was normalized by the maximal peak current amplitude for RHK1 (n= 10), H-4 (n= 11), and H-37 (n= 11).
Results
We characterized the effects of elevating [K], on the following properties of RHK1, H-4, and H-37: 1) chord conductance, 2) voltage dependence of activation and inactivation, and 3) kinetics of inactivation and recovery from inactivation. As stated in the introduction, these three channels may share a common mechanism of voltage-dependent activation.17,'9,204l However, inactivation in RHK1 and H-4 may be mediated by an N-type mechanism,22 whereas that in H-37 may be mediated by a C-type mechanism. 24 Figure 1 . However, inference of changes in single-channel conductance from calculated chord conductance based on whole-cell current measurement may be subject to errors (see "Discussion"). This voltage dependence corresponded to a relation of 58.8-mV voltage shift per e-fold change in the degree of acceleration. Assuming that potassium ions worked on the channels on a one-to-one basis, this observation suggests that the sites of potassium ion action in RHK1 and H-4 are at an electrical distance of 0.43 from the extracellular surface, i.e., about halfway in the trans- Figure 7A ), its current did decline with a complicated time course when the depolarization was prolonged (Figure 9 ). Elevating [K]0 had minimal effects on the initial decay phase of RHK1A3-25 (<5 seconds) but accelerated the late phase of decay (n=4, Figure 9 ). Figure 10 ). scale. The format of the plot is the same as those shown in Figure 5 . ( .100 nA at +70 mV) that were largely time independent. The test voltage in these experiments was limited to +70 mV to avoid interference from an endogenous delayed rectifier-like current, which is activated by depolarizations to +80 mV or more positive voltages.
The activation curve of RHK1 is fit better with a double-sigmoidal function than with a single-sigmoidal (simple Boltzmann) function (Figure 1 ). This was a consistent observation of RHK1 and unusual compared with other voltage-gated ion channels (however, see Reference 48). We considered several possibilities of experimental error that might account for such a behavThe valuesfor the half-maximum inactivation voltage (V0.5) are as follows: control ND96, -60.6 mV; low sodium (choline chloride) with 2 The slopefactors were similar (3.1-3.4). For the sake ofclarity, the inactivation curves have been shifted along the voltage axis so that the values of Vo5 of curves recorded in the control solution (ND96) coincide with the averaged control Vos5 Of -56.8 mV (abscissa was thus marked as "normalized V,'). ior of RHK1. First, it might arise from a poor voltage control that was due to large current amplitudes of RHK1. This was not likely because similar activation curves were obtained in RHK1-expressing oocytes with maximal peak current amplitudes ranging from 1 to 6 ,uA. Furthermore, the current amplitude in the experiments shown in Figure 1 was smaller in RHK1 than in H-4 and H-37. Second, it could be due to interference from channel inactivation. This was unlikely because H-4 and H-37 are also inactivating currents. More importantly, a mutant RHK1 channel that lost the N-type inactivation, RHK1A3-25, still required a double-sigmoidal function to fit its activation curve (n=6, Figure 7 ). Moreover, since the test pulse in this protocol lasted only 10 msec in the positive voltage range, its voltage could be extended to more positive levels without a serious interference from the endogenous outward current (see above), which developed with a time constant of 100-150 msec at +90 mV. Activation curves generated by these two methods from the same cell were very similar and needed a double-sigmoidal function for a good fit (n=4, Figure 12 ). Therefore, we conclude that this unusual behavior of RHK1 was not likely to be totally due to experimental errors, and we need to seek further explanations. One straightforward explanation will be that in these RHK1-expressing oocytes there are two populations of channels (or two modes of channel gating) that display widely separated voltage dependences of activation. There have been precedents for the notion that oocytes injected with one species of RNA can generate ion channels with two distinct gating kinetics.49,50 However, in these two studies the difference in channel gating is related to the kinetics of inactivation but not the voltage dependence of activation, as is the possible mechanism proposed here for RHK1. The second possibility involves membrane voltage-dependent changes in charge-carrying capability of intracellular cations through the channel pore. For the delayed rectifier potassium channels in squid axons,51 it [K], was 2 mM. The voltage-clamp protocol used to generate the peak I-Vrelation and the calculation and normalization of the chord conductance were as described in the Figure 1 legend. To generate the tail I-V relation, a test pulse from a holding voltage of -80 mVto various voltages (from -50 to +90 mV) for a duration during which the current reached a peak without appreciable decay (10-20 msec) wasfollowed by repolarization to -60 mV The tail currents were fit with a single-exponential function. The instantaneous tail current amplitude was determined by extrapolating the current to time zero and normalized by the maximum tail current amplitude induced by the +90-mV pulse. The relation between the normalized chord conductance or the normalized tail current amplitude (fraction activated) and the test voltage (V,) was fit with the single-and doublesigmoidal functions given in the Figure 1 legend. Panel A: Families of original current tracings induced by the peak I-V protocol (for the left tracings, the lowest tracing was -60 mV, and the highest tracing was + 70 mV, in 10-mV increments) and the tail I-Vprotocol (for the right tracings, the lowest tail current tracingfollowed a testpulse to -50 mV, and the highest tail current tracingfollowed a testpulse to +90 mV, in 10-mV increments; the current tracings during the testpulsespositive to -40 mV are off scale). Panels B and C show data points superimposed on curves calculated from a single-sigmoidal function (1-sigmoidal, panel B) or a double-sigmoidalfunction (2-sigmoidal, panel C). Open circles represent data points generatedfrom thepeak I-Vprotocol, andfilled circles are data from the tail I-Vprotocol. The error introduced by constructing the activation curves using the chord conductances based on the driving force, as discussed above for RHK1, may contribute to the observed negative shift in the activation curves of these potassium channels on elevating [K] .. More experimentation is required to rigorously test the possibility of this error in our observations. Furthermore, single-channel analysis of conductance at different levels of [K] . will provide an unequivocal quantification of the effects of elevating [K] . on the singlechannel conductances of these potassium channels.
The high K0-induced acceleration of restitution of RHK1 was abolished in the deletion mutant channel, RHK1A3-25 ( Figure 10) . However, the design of the restitution experiments on RHK1A3-25 needs some discussion. Since the decay of the mutant channel was extremely slow in these experiments, the duration of the first pulse (T1) was prolonged to 5 seconds, which caused an inactivation of the mutant channel by only approximately 50% (e.g., Figure lOA) . Therefore, this protocol was different from that used in the experiments on the wild-type channel, in which T1 was 10 times shorter (500 msec) and the inactivation was largely complete during the first pulse ( Figure 5A ). Either Table 2 . Increasing [K]0 can increase the chord conductance and cause a negative shift in the activation curve in all four channels we studied, with either the N-type inactivation (RHK1, H-4), C-type inactivation (H-37), or an apparent lack of both (RHK1A3-25). This indicates that these effects of K0 are mediated by structural components independent of the inactivation mechanism. In the other aspects, elevating [K] For the C-type inactivation in H-37, it is hypothesized that opening of the activation gates during membrane depolarization leads to the formation of a binding site for a positively charged "inactivating moiety" that binds and plugs the pore from the extracellular side. Membrane repolarization causes the activation gates to close. Thereafter, the binding site is obliterated, and the inactivating moiety exits the channel via the extracellular route. The KO ions can prevent the inactivating moiety from getting access to the binding site, thus slowing the development of inactivation of H-37. Because of the proximity of the binding site to the extracellular surface, this interaction can occur at positive membrane voltages when the direction of current is outward. K, ions can also prevent the inactivating moiety from exiting the channel, thus slowing the recovery from inactivation of H-37. This scheme provides an analogy in the mechanism between the N-and the C-type inactivation: both are coupled to channel activation and involve cationic blocking moieties. However, the former occurs intracellularly, whereas the latter occurs extracellularly. Although RHK1 is longer than H-4 by 80 amino acids in the N-terminal region, the two share the same pattern in the N-terminus of having a stretch of hydrophobic residues followed by a cluster of positive charges.1718 For H-4, it has been shown that this forms the "inactivation gate."22 The same may be true for RHK1. The inactivation gate is represented by a tethered ball with a positive charge sign in the cartoon shown in the middle part of the top panel of Figure 13 . Figure 2 ). However, increasing [K] . did not affect the rate of channel inactivation (decay) during a maintained depolarization in either RHK1 or H-4 ( Figure 3 ). This could be because in the presence of an outward potassium current the local [K] in the vicinity of the potassium action site, which is deep inside the pore according to the strong voltage dependence of KO action in RHK1 and H-4 ( Figure 6B) than in H-4. For H-37, the N-terminus does not contain a structural pattern of a hydrophobic region followed by positive charges similar to that seen in RHK1 and H-4.19,22 The channel has the C-type inactivation that is mediated by a hydrophobic residue in the S6 domain close to the extracellular surface. 24 The kinetics of C-type inactivation are voltage independent,24 indicating that, similar to the N-type inactivation, the C-type inactivation may not be accompanied by a charge movement across the cell membrane and that the C-type inactivation may be coupled to channel activation. The molecular mechanism for C-type inactivation has not been elucidated (however, see the legend of Figure 13 for a proposed mechanism of C-type activation).
